
. .

Ice Sheet Motion ad Topograplqy  from
Radar hltmfero~~letry

1{,. Kwok, M .  Fahncstoclc*  and C, ChaII

Jet l’repulsion Laboratory
California  In.~tiiq[tt:  of ~f3C?LnO~Oa~y

4 8 0 0  Oak Grove  Drive
Pasadena, CA 91109

‘ Goddard i$pacc ~’~ight 6’cn_lcr

Grecnhdi,  MD



. .

]’]C!~SCSf311d  COITC!S]~OllCkIIC~S tO:

l)r. l{o]]aldl  <wok
Jet l’ropulsim labora to ry
California l]mtitutc  of ‘J’cdIIIology
h(lS 300-235
4800 Oak Grove l)rive
l’asaclcma,  CA 91109



ICE SIIllE’1’ M O T I O N  ANJ) ‘1’01’OGRAPIIY  F R O M

RADAR lNrI’F;It3~lI;lLOMErJ’ItY

1{. Kwok,  hf. I’ahncstc)ck”  /IIICl  C. CIIaII

Jd ]’1’O])UkiOTl  ]ilbOTYliOVy

Chlijomia  lnslituic oj Yb.ch71010gy *

l’asadena,  (IA 91109

A b s t r a c t

lloth topography and motion in forlnation  arc ]JrcseIIt,  i I] repeat pass }’;1{S- 1 intcrferograms

over ice s]]exts.  We demonstrate tl]at the topography is scparab]c fro]n  the surface displacc-

]nmlt field whcII a sequence of of raclar images arc available. If the velocity field is constant

over tlw tilnc span of observation, tile topogra])]ly  call ho clcrivcd from cliffcrclltial  intcrfcr-

ogra]ns  formed from .xqucntial  olxcrvations, With this I ncasuremcnt, a pure displacement

field call tl]cll  be obtaiIlcd  by removal of tllc topograp])ic  col]tribution  to the illtcrfcromctric

])lIasc at cacl] pixel . Fur the r ,  wc discuss how tllc vcrtica] and l]orizonta]  co]nponcmts  of

displaccmmt  affect the i]~tcrfcrol~lctrically  -(lcri~~ccl  motion field. WC illustrate our approach

with  four successive (3-day repeat) }I;l{S-I  i]nagm of a flow feature in ]Iort}lcastmll  GrccnlaI]d,
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1 Introduction

‘J’hc potential of using satellite radar intcrfm-olnctry  (SRI) to monitor icc flow velocities ancl

glo~lllclil]g-li]lc positions of icc streams was first discussed ill Goldstein ct al. [1]. III t})cir

study,  illi,crfcromctric data over the Rutforcl  IC.C Stream, Antarctica was used to illustrate

tl]c  calmbilit,  ies of S1{1 and the clcrivcd information were co~nparcd  with available surface

observations. Rcccntly,  Jougl)ill  ct al. [2] discussed the complexity of t}lc fringe patterns in

wcstcr]l  Grccnlal]d  usil]g  a 100k1n  x 500km stril) of EILS-I (1’luropcan  Earth ltclnotc  Scllsillg

Satellite) interferogratn  stretching froln  the interior of the icc sheet to the western coast of

Grccllland. IIoth invest igators  have obscrvccl  t]mt tllc frix]g;c patterns arc cx~)rcssio)ls of

icc lnotion and surface topograpl]y.  Joughin  d al. also noted that the lnotioll  fringes can

bc decomposed into vertical and horizontal components if the displacema~ts  c.onforln  to

surface relief. ‘1’he contributions of two components to t}lc  observed line of sight lnotio~l is

cic~mndcnt,  on the look angle and surface slopes, At steep look a.nglcs, like t}lat  of FXS- 1, t hc

vertical colnpo]]cnt  is exaggerated colnpared  to the horizontal conlpollc~lt.  ‘1’hc sel)aratioll

of the topographic and lnotion  contributions to the intcrfcrolnctric  phase is cssclhial  to the

illtcrl)retatio]l  of such fringe pattcrms,  es~)ccially if the illtcrfcronlctric  basclille is signific.allt.

llowcvcr,  surface topography at t}~c spatial scale which affects fringe pattcrlLs  is typically

]lot  available over icc sheets.

l]) this paper, wc dclnonstrate  that if the icc flow velocity is constant over the period of

obscrvatiol~,  both motion and surface relief illforInatioll  call be cxtractcd  using mull,iplc  pass

il)tcrfcxolnctric  analysis. ‘1’hc focus of our analysis is on a flow fca.tum  ill Ilortllcmst  Grccvi-

land dcscribcd  by Fahnestock  ct al. [3]. A series of four lUtS-  1 images spa.cccl  every three

clays was used to generate mixed motion /topograp}]y  intcrfcrogralns  with 3-, 6- and 9-da,y

separations. ‘1’hc procedure of scparatilig  motion froxn topography involves first diffcrc.llcing

two 3-day interfcrograms to remove the motion contrit)utioxls  leaving frillge  patterns solely

duc to surface relief. ‘1’hcse  topographic fringe lmttcrns can then bc rclnovcd  froln  a 6-clay

ilitcrfcrogram  to isolate the motion fringes. ‘1’hc  tcchnicluc  and its application arc clcscribcd
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ill ]norc  detai l  ix] tl]c followil]g  six scctiol]s. ‘J’l]c  Syl;L}letic  Aper tu re  1{.aclar  (SAI{,) clatasct

used ill this analysis is dcscribccl  ill Scc.tion  2. Section 3 covers the l)roccclurc  USCC1 to form

t,l]c intcrferograms  from complex SAIL data with a brief clescription  of tllc cxpcctcxl  errors

a.lld smlsitivitics. Wc clescribc  our ap~)roacll tc) ex t rac t  t i l e  topograplly-ol]ly  illterfcrogram

usil]g  cliffcrcntia]  illtcrferolnetry  is dcsc.ribcxl in Sect ion 4. With t}lis  clcrived  surface relief,

Scctioll  5 discusses the method  we used to rcvnovc  tile topographic contributions to the frillgc

})attcrlls and the effect of surface slope on the observed dis~)laccmcnt  field. The observed flow

ficlcl is briefly discussed ill Scctioll  6. IIiscussiol]  of the ilnplicatiolls  of S1{1 for lncasurcnmnt

of icc sllect topography a.llcl mol]itoring  of flow velocities slid patterns is providccl  in the last

scc.tioll.

2 T)ata Description

‘1’lie four SAI{. images  used llerc  were proccsscd at

faci l i ty (1)-1’AF) in Obcrpfaffcnhofcn,  Gcrlnally.

the Gmnan 1’11/S-  1 processing ancl archive

‘1’llcsc  ilnag;cs w e r e  accluircd  ill t}lc car]y

l)art of January of 1994 and rcccivecl at tllc  l{iruna station. ‘1’able 1 shows the orbit/fratnc

llulnlms  and dates of acquisition of these images. ‘1’hc location of tllc images  on Greenland

are SIIOWII  ill Fig. 1. We obtained single-look, c.omplcx,  slant-range data with the product

dmigllatiol)  of };RS’-l,  SA]t. Sl. C’ for our intcrfcxor[lctric  analysis. For this particular product

tyl)c, each 100liIn by 100km  image fra]nc  is dividecl  into four cluadrants  each with 2 5 0 0

COIII1)ICX  sa]np]cs  in the range direction and bet.wccn 14000 and 15000 lines in the zwilnuth

direction. “1’lIc real  (1) ant] imagi]lary  (Q) part of each sa]np]c  is rcprcsclltccl by a 2-byte

signed integer. ‘1’he near range and far range cluadrants  have a fixed  overlap of 88 samples,

‘1’llc w~ilnuth  ovcr]ap  is variable but is apl)roxinltitc]y  3000 samples. ‘1’hc ~)rocc!sscd  data hZLVC!

kcm yaw-steered to zero ])opplcr  such that wc do not expect ally rcsidua]  phase function to

affect our results. ‘1’hc spatial resolutions arc ap])roximatc]y  11 In ancl 1 Om in the slant range

and azimut]l  directions, rcspcctivc]y.  ‘1’here is a 3-day period bctwccm successive obscrvatic)ns

of this flow feature in Greenland. Since two ran~;e cluaclrallts  froln  tllc four days covcrccl  most
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of the flow feature, wc mosaichd  oIlly tl]cse  raIlgc  quadraI]ts to ok)tai]]  a c.overage of Mlan

by 1001in) in azimuth and range  dircctioI]s,  rcspcc.tivc]y.

3 Ice S h e e t  Int)erferomctry

‘1’hc tllcory and tcclmiqucs  for radar illtcrfcrolnctry  have been presented in detail clscwllcre

[4, 5,6, i’]. Also, a rccel,t article by Zcbker ct al. [8] has discussed the accuracy of topo-

grapl)ic maps derived from 1;1{S-  1 rqmat pass illtmfcrolnetry. of particular il]tcrcst is tlhc

a~)plication  of  cliffcrcntial  intcrfcromctry  [9] to lllap  small clisplaccmcnts  over  large a r e a s .

We will be using cliffcrcntial  intcrferomctry,  however, to analyze a slightly different- problem.

‘1’l)c reader is referred to these  articles for background o]] raclar  interfcrornctry.  ‘l’he brief

clcscriptioll  provided here serves as a review of the tccllnicluc  and establisllcx+  tllc Iiotation

used throughout tllc ~Japcr. llcre,  wc will attcnnpt  to bc comprchcnsivc  hut our focus is on

the issues associated with the application of radar intcrfcromctry  to the mmotc  sensing of

icc sllccts.

3.1 Review ant] Notation

111 this pa~)cr,  wc discuss  icc lnotiol} ill tcrlns  of the followiIlg  quaIltitics:  positiol],  dis])lacc-

:ncni and veloci ty.  Consider  al] icc particle on tllc  icc s}lcct at a positiol]  X at time to; at

some later time the ice ~)articlc  IIas moved to a ncw position x(t;  X). A displacclncnt  is tJ]c

fil]ite  cliffcrcllcc  in tllc positions of an icc particle at two cliffcxwnt times,

U = X(iz) - X(il).

‘1’lLC average  velocity over the tilnc: interval A?’ =- t2 – il is,

v =: u/AT.
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\~7~ assulne  t~~a~ the disp]aceln~])t  ficld is spatially  slowly varying  such  that  t i le  velocity is

Incaningfu]  in this col)tcxt.

‘1’llc coordinate systcnn  and geometry  for lnultiplc-obscrvatioIl  il)tcrfcrolnctry  is clcpictcd  in

Y’ig. 2. For a given set of repeat observation, fro]n  tllc  it}] and ~tll ~pochs,  with baseline })ij

a]]d look angle 0, the l)llasc  diffcrcncc  at cacll  swnplc is

where  CY is the tilt of the La.sclinc  with respect to the horizontal. If the scatterers are

disl)laccd  by Ap in range then IJIC observed pllasc will include a contribution of ~Ap clue

this displaccmcnt, or

(1)

WC note hem that this aclclitiollal tcmn  is indc~)c]ldcnt  of tile s~)atial base l ine .  ‘1’hc p h a s e

dllc  to the clisplacclncnt  field is ]Lot scaled by this basc]inc. IIowevcr,  as we discuss later, it

is sensitive to the temporal baseline for a. slnoot]l  velocity field.

‘1’he approxilnatc  haselinc,  IIij  at their image centers, between each pair of images is shown

ill ‘J’able 2 [1 0]. ‘1’hc actual baselines vary sligl]tly  along track, We SI1OW the values to give

tl)c  rca.dcr  an indication of the magnitude a~ld variation of the basc]incs  when using ERS- 1

as a repeat-pass intcrfcromctric  radar. In the table, the baselines arc dccolnposcd  into a

component which is l)crpcnclicular  to tllc lillc of sight or rallgc direction (lJL  == llco.s(O – cr))

and a coml)onent  which is parallel to this direction (Ill] = llsi71(0  – a)). ‘1’IIc s ens i t i v i ty

of the intm-feromctcr  to surface relief is dcpcndcnt  on the magnitude of this perpendicular

separation.

3 . 2  Generation  of  Interferograms

‘1’hc  two steps we follow in intcrfcrolnctric  processing arc: registration of the SAR images;

and, formation of the mu]ti-]ook  intcrfcrogra.m. ‘1’o rwgistcr  the SAlt images, wc must first
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dctcmnine  the s p a t i a l  misrcgistraticm  betwcc~i iInagcs. ‘1’ypical]y,  the largest contribution

to image  lnisregistration  is offset clue to uncertainty in scllsor  locat ion.  ‘1’llcre  is slig}lt

IIlisrcgistration  in the range direction clue to the difference ili the look ang]c  bctwccn repeat

passes. l’urthcr,  s l ight  azimuth clcpcndcnt  misrcgistration  can be caused by clivcrging  or

c.ol]vcrging  orbit tracks. ‘1’hc proccdurc we use: to clctcmnillc subpixcl  offset  ccnmctions  is

based on visibility of the fringes in an illtmfcrograln  [] I ]. WC select sixty-four wil~clows  of

size 9 x 9 samples uniformly distribut,ccl  over t})e first image.  Starting with an a~Jproxilnatc

location on the second image, wc multiply onc of tllcse wil]clows from the first image with the

comp]cx conjugate of a, window of the same size oll the second ixnagc  to forln an initial frillgc

patter]].  A two-dimensional fast Fourier tra]lsforl]l  (1~’1’’l’) is thcll  pcrforlncc]  on this ~)roc]uct

array to obtain a two-cl imc)lsiona]  fringe spectruln. ‘1’hc ~)eak value (complex absolute value)

in the spectrum represents the two spatial frcqucllc.ics  jr ancl ~V at which the t)rightcst  fringes

at that location arc observed. ‘1’his  peak value is rccorclcd.  The window is shifted in a two

dilncnsional  grici  (16 x 16) to obtain an array of peak values, the maximuln of which gives

tl]c  location of registration. Subpixcl  offsets arc obtained by quadratic interpolation of a

3 x 3 subwi]iclow  ccntcrcd  aroullcl  the maxilnutI~  of this sa]nl)lcc] array.  ‘1’hc  proccdurc is

rcpcatcxl for each of the winclows  extracted fro]]l  the first ilnagc.  OIICC  the Offset f or each

window is dctcmnincd,  a quaclra.tic  surface is fitted to the offsets allci  OIIC of the images  is

rc.samplccl  into  the grid of the other ilnagc  to bring it into almost exact (typically to better

tl)all  an eighth  of a pixel) rcgistra.tion.

‘1’IIc next  step is to form the multilook  intcrferogram by first lnultiplyillg  onc ilnagc  wi th

the complex conjugate of the second image. ‘lb rcclucc tl)c p h a s e  IIoisc at each  sarnp]c,

wc average tllc complex saml)lcs  over 4 samples ill tllc range direction and 12 samp]cs in

the azimuth direction (this process is usually refcrrcc] to as mu]ti-]ooking),  after whit]) the

cstil  natcd intcrfcromctric  phase at each sample is given by,

Wllcrc

givitlg

the sum is over the 4 x 12 comp]cx  salnp]cs  of the product intcrferomctric  image

us approximately 20 il~clcpcnclcnt.  samples. We have less than 48 indcpclldcllt  samples
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lmcausc the samplcx  are cormlatcd. It l]as Lccll shown [7 ]  t}lat  & colnputccl  irl this rnanncr

gives the ]naximu]n  likcdil]ood  mti]natc of tl)c  illtcrfcrolnctric  phase. ‘1’lM resultant phase

IJoisc a.ftcr tlis averaging process is clclwndcnt  oll bascli~lc dccorrclation  a n d  t h e  sigl)al-

to-~]oise  ratio (SNR) of the da ta  a s suming  110 tcln~)oral  dcc.orrclation  be tween  datatakes.

IIasclinc dccormlation  results fro)n  viewing the surface at two slightly diffcrcni look ang]cs

and i]lcreascs  with increasing baseline. l{cfcrril~g to Fig. 2 ill  Zcbkm [8] and a s s u m i n g  a

ba.sclillc of 801n and a SNI{ of 10dll,  wc expect the phase noise to Lc, collscrvativcly,  better

than 100. lllcrcasillg  tl~c numlm- of sarnp]cs  usccl ill the averaging proccxs  woulc] dccrcasc  the

l)l]asc noise, Lut at t}lc  expense of resolution. A final correction is maclc to the plla.sc at cac~l

pixel to remove t}lc cstilnatcd  phase shift  that results froln  tllc slightly different positions of

tllc spacecraft Wl]cn the raclar  data for the two i]nagcs  were obtained. ]n otllcr  words,  wc

rmllovc  t}lc  pllasc function due to obscrvatlioll  of a sp}lerica] surface from two ~Joil]ts  so as to

clnpllasizc  tllc motion and surface relief,

3.3 Repeat -pass  interferograms

‘1’lw relatively fcaturclcss  El{, S-l SAI{ i]nagc of tllc  flow fca.turc  is shown in Fig. 3. Six diffcr-

Cllt intc!rfcrograIns  were forlncd  froln  t)lc  ilnage scqucIlc.c over the flow feature in Grcc!n]alld,

three of w}lich  arc shown in Fig. 4. ltacl)  illtcrfcrogram  sl]ows tile phase shift at each pixel

rcla.tivc  to tllc first ilnagc, In our color cocling  sclcmc, a ‘2n pl]asc shift  is rc~)rcsclltcd  by a,

cycle  of the color WIJCCI  (incrca.sing  in the direction fro)n yellow-red-blue- green-yc]low). ‘i’hc

~)llasc  shift is a measure of the varying tol)ograpliy  on the icc sheet as wcl] as tlllc  range clis-

placenmlt  of the surface during t})c repeat obscrvatiol)  interval. As noted above, the frillge

patterns due to topography arc sensitive the the Ltiselinc  of tllc intcrferomctcr  wl)ercas  those

due to range clisplaccmcnts  arc not. F’or a typical l’HtS- 1 basclilkc  of say 80]n, the sm)sitivit.y

to tcq)ograp})y is approximately 2001n/fringe, IIalf a wavc]cngth  of range displacement (2.8

c]n for 101{. S- 1 radar wavelength of 5.6 c]n) produc.cs  a phase shift of 5.6 cm. If we a.ssumc  no

surface relief (or zero baseline), each fringe can  be convcrtcc]  to a horizontal surface velocity
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of 2.8/( Al’sinO) cnl/cla.y  in the range clircction  where O is the look angle ancl A7’ is the

ti)nc separation bctwccn  t}le  ilnagcs  in days. WC cliscuss  the effect of surface relief on this

IIorizolltal  velocity in a later scc.tion. At tl]c llolninal  I;IiS-l look ang]e  of 23° and a Al’ =

3 days, this quantity  is ap~Jroxilnatcly  2.4 cln/day or 8.7 m/year.  With the lnagnitudc  of

l)llasc lloisc  (10°) froln tllc above discussioll, tllc statistical uncertaillty  in topography and

lnotioll  CIUC to pl]ase  noise arc approximatcdy  5111 (with this baseline) and 0.07 c~n/clay, re-

sl)cctivcly.  ‘1’llcsc  arc the limits of observation. IIlcrea.sing  the time separation, or tcmpora}

Lasclinc,  would rcducc tllc unccrtai])ty  in tllc  Inc)ticnl  observation. Wc Ilote  llerc  that the zero

of tl]c  phase shift is arbitrary, and  absolute motion  can be dctxmni]lccl  only if a rcfcrmlcc

target is available. Conscquc]ltly,  only relative ~notion can be obtained ill the abscnsc of

such a target. ‘1’o approach tl)cse  limits in the estilnation  of absolute topography and motion

requires very accurate knowlcclgc  of the baseline and position of the intcrfcromctcr  during

fllc data acquisition. 1,ong wavclc~lgth rcsictuals  in the clcrivccl  topography arc inherent ill

tl]c intcrfcrogra]ns,  CVC]l  with very accurate baselines. An alternative is to use tiepoillts  to

provide elevation rcfcrcnccs  in tlie  intcrfcromctric  analysis. A  clctailccl accou]]t  of 1;1/S- 1

illtcrfcroxncter  ]jcrforlnaIlcc  usi]lg  elevation ticpoillts  was proviclccl  by 7,cbkcr  [8] and will not

be rcpcatmd  here. IIowcvcr,  visual ticpointing  might not work over the fcaturclcss ice sheet;

wc shall return to this discussion later in this palm, It is important to realize that wit}lout

accurate cpllclneris  or ticpoints,  in a relative sense, the topographic or motion lnaps  arc quite

accurate bccausc these systelnatic  errors introduce only a slowly varying bias to cacll pixel.

W C shall address o]lly rcla.tivc  }Icigllt  lncasurclncllts  and relative Inotion in the balance of

this pa~)cr.

‘1 ‘hc mot ion due to t] IC flow feature is clearly seen in multiple-pass intcrfcrogralns.  As

cxpcctcd,  tllc fringe rate increases proportionately with the time separation hctwccn the

ilnagcs  usccl ill tllc intcrfcromctric  a n a l y s i s . l’roccccling  from the top left to the botto]n

right of onc of the ilnages,  we scc that the velocity illc.rcascs  as we cross O]IC margin toward

tl]e middle of the icc strca,m  and tllcll dccrcascs  across the otllcr  ]nargin,  ‘J’IIc visibility clf

tllc fringes is very good in all tl)c ilJtcrfcrograms. ‘1’here is a slig}lt tclnporal  dc~)cnclcnce in
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tlw correlation coefficients ill the areas with relativc]y  few frillgcs, wc?obscrve  an Cxpcctec]

corrcktion  coefficient of bctwccn 0.7 a.r]d 0.8 [see 8] in the 3-clay intcrferograms with a

clccrcasc  to bctwccn 0,6 alicl  0.7 m the 9-day lntcrferograms. Wc do not explain the source

of the observed temporal dccorrclatiolLs  in this papcrn although the greatest dccorrelation

occur-s in high strain regions, as would bc expcctcd. WC leave t}lis as a topic  for future

invcstiflations.  ‘l’lie  discussion of the flow of the ice feature is fzivcn  ill  Scctioll  6.
s. k,

4 ‘1’opography  from Differential lnterferometry

‘1’IN2  fril~gc  patterns in Fig,  4 contain the combi]]ed  effects of topography ancl ic.c motion. ‘1’0

obtain  a true lnotion  field, the contribution of topograp}ly  to tl]c: p}la.se of each pixc]  has to

bc rclnovcd. our approach is to utilize diffcrmltial  intcrfcromctry  in this alialysis.  Gabr ie l

et al. [1 1] first used difrcrentia]  intcrfcromctry  to detect slnall  displa.ccmcnts.  ‘1’lIc procedure

involves scaling the baselines and diffcrcncing  the two interfcrograms  to detect c}la~lgcs  in the

fringe  pattcms. ‘J’he  scaling norlnalixes  each il)tcrfcrograln  with its own baselillc such that

the phase lncasurcments  arc on idcntica]  scales  before the diffcrencing  process. WC contrast

tllcir objective, clctccting  changes rwlativc  to a rcfcrcncc illtcrfcrogranl,  to ours, wl]ich  is to

separate icc lnotion  fringe patterns from fringe ~)attcmls duc to topography.

Consider  tllc ~)hasc  froln  two intcrfcrograms fro]]] three passes (ilnagcs  1, 2 and 3) over the

i c.e feature,

Note that if wc assume that Ap or vA?’ is constant (llot  all u)lrcasonable  assumption for icc

sllcct  motion) during the multiple l)asscs  over t}le flow feature, the difference intcrfcrogra~n

gives,

.-

8



== ~(hsi?qo -- CY,2) - l&i?t(o - CY23)).

‘l’llcccJ1ltrib~ltiol)  of tl~cdisplaccnmnt  field tothcl)llascof  thercsultant  interferogratn,  A+:3,

has bcwn Icmovccl  . l{csolving  t,hc individual  hasclillcs (lJlz, IIP3) into vertical, }12, and

}lorimnltal,  IIy,  colnpone]lts  gives,

wljicll is equivalent to a topography-only i]ltcrfc.rogranl  observed wit}]  the baseline formed

bctwcm]  t}lc first and third ~)asscs. In ot}]cr words, the scmsitivity  of the interferometer to

to~jogra~)llic  variation is l]ow clcpelldentl on JJ13. III tl]c  next scctioll,  wc will take advalltage  of

this observation wllcn  we remove tllc topog;ral)llic  phase contributiol]s  to the illtcrfcrograms,

‘1’hc two lnixed motion/ topography intcrfcrogra]ns  (Aq$Q, A@z3) arc shown in Fig. 5. ‘1’he

il)tcrfcrograln,  A@l ~, formed from the difference bctwccn the intcrfcrograms A 412 and A 423

is shown also on the same figure. Since the topography is fairly smooth in this area (typically

lCSS tl)a:l onc fringe), we c.olor-coclcd the phase  clata  a little cliflcrclltly  to clnphasizc!  the subtle

topograj)llic  variations. ~’here seem to be IIO residual motion fringes left ill  the diflcrcnce

frillgc pattcrlls. ]nclccd,  wc coml)arcr-1 this derived topographic map with

map f rom diffcrcllcing  the A#~23  and A 434 intcrfcrograms and obt aincc]

ICsu]ts. ‘1’hc! smaller spatial baseline llz~ gave muc}]  Iloisicr  Observations.

ilnagc sl)owillg  t}lc  relative topography is shown  ill l’ig. 6. ‘1’l]c e levat ion

the topographic

almost identical

‘J’hc gray scale

variation within

that ilnagc  is less that 1501n.  Again, wc emphasize that wc arc obscrvir]g  relative relief ancl  to

obtail] absolute topography requires the prcscn)sc of rcfcrcmcc  targets. Since observations cjf

SUCII slnal]  scale  topographic variations arc not yet availahlc over this ice feature, wc pm-form

a clua.litative  check of the results. Wc created a sillmlatcd visible wavelength satellite image

by illulninating  the intcrfcromctrically-derived relief map and colnparcc]  the results to an

ca]hanccd  composite

area. ‘J’hc similarity

AVlllUt ilnage  [’i’. Scambos,  l’crsonul  Communication] of the same

of tllc ilnagcs  is quite  rclnarkable (Fig. 7). ‘J’o emphasize tllc surface

9
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features, wc pmcluccd images  wllicll depict  surf am slopes (1’’ig. 8). Wc noticccl  high frequency

sl)atia]  f e a t u r e s  supcrilllposcd  011 tllc Slnootll  tcrrail]. ‘1’}ICSC fcaturws  were ]Iot obscrvccl  in

tllc SAR  intensity images. Again, wc observe tllcsc  same features in tile topographic lr]ap

derived from A#z4.  Without any surface ohscrvations,  Wc can only spcculatc  on the IIaturc of

tllcsc features. It could bc residuals duc to velocity variations in those areas w}lich rcndcled

our assumption] of constant vclociiy  invalid. For this to Lc obsmvcd in both diffcrcllce

intcrfcrograms, the icc sheet will have to bc accelerating or gradients  iI] velocity in those

areas. If that were the c.asc, wc sllou]d  treat the displaccnm]t  as:

where a is the acceleration. An a]tcrnativc  explanation would be that they arc surface or

subsurface features. If so, it is not clear why t}lcy  arc Ilot visib]c  ill tl)c  actual SAlt ilnagcs.

At this time, wc do not llavc  a satisfactory explanation for tllcsc possible artifacts.

5 Ice Sheet Motion without Topography

‘J’l}c removal of the topography-induced fringes is rather sirnplc  once  wc have a digital clc-

vatioll  lnodcl  of the region of illtcrcst. ‘1’he  gcllcral  approacl)  would be to crcatc a synthetic

tc)~~c}gral)l]y-ol)ly  illtcrfcrogranl  with the correct basclillc  scaling a])d then subtract it from

a.rly arbitrary mixed ~notion/topography  intcrfcrogram  of the same area, ‘1’his  ap~)roach

would entail  an additional step of registering tllc  elevation lnode]  to the geometry of t}le

SAIL data or vice versa. IIowcvcr,  it would bc relatively difficult to obtain fi]lc rcgistra-

tioll  bctwccn  the datascts bccausc  visually well-dcflncd features on the icc sheet arc almost

IIol]-existent. }Icrc,  wc approac]l  the problcm  a little difrcrclltly  by taking advantage of our

cc)-rcgist,crccl  data.sets.  Since wc have the topograplly-on]y  illtcrofcrogram,  A#~3, wc can now

subtract it from the rnixcd  intcrfcrograln  forrncc] with tllc first and third irnagcs  (with fi-da,y

Sqmration),  viz.

A& – A~~3 =
47r
~Ap
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‘1’he rwsult  is a lnotion-oll]y  illtcrfcxograln  of tllc 6-clay relat ive clisplacclncnt ficlcl.  W i t h

this al)prwach,  wc have eliminated the steps of having to register the topography to the

SAlt data and of crca.ting  a synthet ic  topo,gral)}ly-on]y  intcrfcrogram. Fig. 9 shows  the

A~ls ilitcrfcrogram  before and after tllc  rcvnoval  of topography. We attribute the ‘Lull’s eye’

patt,crvis  ill these lnixcd  intcrfcrogralns  to icc Inotion  over surface topography [2]. Wc observe,

as cxpcctcd,  a. rcc]uctiol]  i]] tl)c  fringe clcnsity around the bull’s  eyes after the rclnova]  of the

tol)ogra~>lly-i]~d~lccd  fritlgc  pattcrlls. ‘1’hc source of the residual bull’s  eyes are cliscLlssccl  next.

in tl]c  prcscncc  of surface relief, tllc  range-displacement or velocity (v, ) we observe is a

functiol~  of tl)c surface s]opc,  ~, radar look angle, O and the angle bctwcc]i the flow and

l o o k  clircctions.  ‘J’hc gcolnctry  is dcpictccl  in l’ig. 10. If the unit vector whit}] clcfincs t}lc

radar look vector is F =: (O, sin O, —ws O), ancl  the actual icc motion vector is 0 = t)(cosgtsint,

co.sqkosf,  sin+),  t,]lcn  tllc illtcrfcrolnctric.  ally -obscrvccl  velocity is the projection of tllc  motion

vector illto the range look direction,

q. == ii. ?== v(cos~cos[sinO  – sin fiwsO)

( is the angle (in they --z plar,c)  between the flow clircction  ancl the look direction, a~icl

tl)c  surfac.c  s]opc  is in tllc direction of the flow. ‘1’hc implicit assumption is that the flow

vector is t,allgcnt  to the surface topography. Wc also note that vcosd  and vsind arc the

horizontal and vertical conqJollcnts  of the velocity vector in the flow clirwction and that

tllc second tcr~n in the equation is indcpcnclc])t  of ~. WC see from this cclLlatiou  that tlie

ilkcrfcronlctrically  -clcrivcd lnotion  has contributions from both colnponcl]ts.  ‘1’hc relative

contribution of the two terms to tJr is given by their ratio: 7? == cot@anOcos~.  F o r  $ :=

5“, O = 23° (l~H{S-l  ) and ~ == 30”; this ratio is approximatc]y  4. So, even for relatively

slnal]  surface slopes the contribution of tllc sccolld  term is quite significant. It is t}lcrcforc

i~nportant  to realize that there is a mixing  of the vertical and horizontal components ill the

observed velocity. ~onvcrscly,  if the tllrec al)glcs (~, O, ~) are available tllell  we can easily

c.omlmtc  tlic fractional col~tributiol)  of the components. O is a systcm parameter and # can

bc dcrivccl fro]n  the relief map constructed from t}lc  intcrfcromctric tcchniquc dcscribcd here.

If wc llavc  some idea of tllc flow direction, such as rcquiril)g  flow to bc paral]cl  to the ]nargins

11
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}Icrc,  wc have clcscribcd  thcproccdurws used to [lcrivc lligll-rcsolL1ticJ]l  relief a]lcl ice Inoticm

lnaps  using ll)llltil>le-~~{iss  raclar  illtcrfcrolnct,ry.  WC sulnlllarizc our approacl]  llcrc.  ]+’i~st,  wc

usc  diffcrclltial intcrfcromctry  to remove the phase contribution of the clisplaccxnmlt  ficlcl  to

obtain  a topogr-aphy-onl  y intcrfcrogra]n. Then], wc subtract this topograpl]y-oll]y  intcrfcrcJ-

gra~n from tllc mixed illtcrfcrograms  to separate tllc  displacclncnt  fringe patterns from those

due to relief. ‘l’he important underlying assurnptiol]  is that t}lc ice motion flcld remains coxk-

12

of tl~c ic.c stream, WC can  csti1nat4c  t}lis  ratio. Itrrors  ill colllputillg  t}]is  ratio arc given by its

IJartial  relative to f,

‘1’hc errors would bc l]igl]  if ( is Iargc  because the intcrfcromctric  system is less scnlsitivc  to

llorizonta]  motion as the angle ( approac.hcs  7r/2.

6 Description of Flow 1{’ield

‘J’hc velocity field S11OWI1 in Figure  8 reflects the localized big}] flow speed in the icc strca]n.

ICC flows from the lower left to the upper right in the figure. 01) the left (upstream), the

lnargins  0:1 either side of the strwaln  arc clearly the areas of IIigllcst  shear strail~,  with tl]c

illtcrior  ice lnoving  % 30 nl/yr faster in the interior tllal] at tllc edge. ]n the rig}lt of the

figure (clownstrcam),  the flow has accclcratcd  clralnatical]y,  rcachilig velocities of more t}lan

100 n~/yr, ~’he Ilaturc  of the lnargins  has also changed, with the sllcar occuring  in a broacl

rc.gion across the sircam , rather than being collccntratccl  at the margins. ‘J’his  change ill

the cl~aractcr  of the flow in less t}]an 100 km is rcunarkablc,  and may reflect a funclamcnta]

cllangc ill the mechanics responsible for the motion. in glaciological  terms, it is a transition

from plug flow to flow with a lnorc  parabolic velocity l)rofilc.

‘7 Discussion



stant  over the period of observation. lndcwd,  for tllc flow feature we studied j]) t,his papa,

tl]js assunl~)tion  scans valicl. If tllcre are snort tcmn  flow variations, t})mw will be mixing

of Lllc topographic, fringes and Inotioxi fri]lges  ill t}le results. ~are s}lould  I-m cxmciscd  i n

illt,cq)rcting  such results.

Wc also clnl)hasizc  that we }Iave ]Iot derived abso]utc  topography or Inotion,  only their rel-

at, i vc measurements, ‘1’he use of surface targets as elevation or Inotion  rcfcrcllces cannot he,

al)l}roacl)cxl  using t,hc tradit;ollal  way of ticl)oillt  idclltiflcation;  both lmc.ausc tllcm are fcw

well-dcfIIIcd )Iatural  features w)d because those  that cx; st Inovc  with tl~c ice.  Since the ice

sllect  surface slopes (large sc.ale) are slnall (1 ill 1 00), the error in relief due to spat, jal rnisrcg-

istl ation  bctwcxm a rccl~lccd-rcs{>l\ltiO1l  illtcrfcrogram  and a low-rcsolutioll  digi tal  e levat ion

Inodcl  (111’;h4)  shoulcl be slnall. WC could scale tl~c i]ltcrfcromctr;  c DI’;hl to laser a l t i m e t r y

flight lines or level lines  produced by field parties. Ice lnotioll  could  Lc refcrellcecl  to a corner

rcflcc.tor  with a velocity lnca.surccl  by G 1) S sur~’ey. of course, exposed lmdrock would be

useful for such purposes too.

l“or icc flow velocity n]onitorillg,  there is an obvious lilnit on the highest vclocjty  which can

bc detectable with an intcrfcro]nctric  systcm. over this lirn;t,  the phase is itnpossihlc  to

unwrap. Wc usc the maxinluln  spatja] gradicllt  of the velocity to define this limit,

6. = —-f-- -
2/3rA7’.~in0

Ivlkcrc  A is tl}c wavclcnlgth  and & is tl]c grounc] msc)lutioll  of the lnultj-]ook  or averaged data,

Assulnil~g tl~at  the data is saml)lcd  correctly, t)lc  dctcctabiljty  is illvcrscly  prol)ortiona]  to

tile resolution ancl the time scqmration.  Using  the three-day repeat frequency of IH{S - 1 and a

ground range resolution of 100n1 (after some averaging process), this limit  is approximately

10-5/clay. In other words, over a distance of OIIC kilolnctcr  the velocity diffcrcllcc  which

call Lc dctcctcd  is roughly 1 cm/day or 3,65 In/year. OVcr this limit, tracki~]g  jcc features

in Scqum]tial  remote sensing i]nagcs would bc Inorc  a])]) ropriatc.  For slow icc lnotjon,  the

systcln  pa,ramct,crs  w]]icl[  limit olxcrvatio]l  arc phase noise a]id

dccorrc!lation  of the scat tcring surface WOUIC1 li] l-lit  the usc of

tclnpora]  baseline.

obscrvatjons  with

‘1’crnpora]

long tirnc

13



SCJ)al’ati  O1]s.

. .

‘J’l)c  l)rospcct  of using lnultiplc-pass  radar interfcrolnetry  to obtaining IIigh resolut ion to-

~mgraphy  and ]notion  for n~oliitorillg  ice shcwts is  promising,  with the cxpcctcd  launch of

l{All  AliSA’J’ and lH{S-2 in the Ilcxt  fcw y e a r s . ‘J’hesc active microwave scnwors  arc I]ot

dc~mndcllt  on solar illll]niliatioll  or limited by clouds. l)rcsclitly, we arc limited to ohscrvillg

Ilmtioll  along  the lil]c of sight of tl]c  radar. With a mom extensive dataset,  wc call Inca-

surc the })orizonta]  field of velocity by c.olnpositing  ]notion  observations from ascending and

dcscclldillg  orbits.
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Figure Captions

l’igurc  1. 1,ocation  of EIW-  1 SAll i]nagcs  and flow fcatum on Grccllland.

ltigurc 2. IIitcrfcrcmmtcr ilnaging  configurat ion, A  basc]inc, l), is cxcatcd  tmtwccn  the it}]

and jtl] rc]>cmt observations of tl)c  same .gyoullcl area. At all allnost identical look ang]c  of

0, tllc difffnwntial  range to a ~mint on the ground is givcvl by t}lc  illtcrfcromctric  phase,  cr is

tllc tilt  of tl]c basclilic relative to t}lc llorizolltal.

l’igurc 3. EIW- 1 SAI{ i~nages of tllc f low feature in northeast  Grccnlancl.  (a) lmagc 1

(12886/1  557). (b) image 2 (12929/1 557) (@}tSA  1994).

l“igum  4 .  ‘1’llrcw illtcrferogralns, A@, forlncd froln  t}le  4  images .  ( a )  A#lz, intcrferogram

forlned  from i~nagcs 1 ant] 2 in ‘1’ab]c 1, tl)c obscrvatiolls  are separated by 3 days. (b) A~13,

tllc observations are separated by 6 days. (c) A~q4, the observations arc separated by 9

days. ‘J’hc color fringes S}IOW  the relative cha]lgcs in topography of the icc sheet as W C]] as

relat ive motion of  the icc in the rallgc (line  of sight)  direct ion of the radar. ‘J’hc  fril)gcs

due to topography is dcpcndcnt  011 t}lc baseline,  l’or motion, onc  fringe  rcprcscnt,s  a 2,8 cm

InovcIncI]t  relative to tl]c slmcccraft.

l’igurc  5 .  l)iffcrcIicing  o f  tllc intcrfcrograms A~12 a n d  A~z3.  ( a )  A~~lz.  ( b )  A#Q3, ( c )

A~~3, the differential illtcrfcrogranl  ShOWJI with the displacmcnt  field removed. TIIC pl]ase

variation is clnphasizcd  in tliis  rcl]rcscntation. l~acl] cycle of the color whcc]  rcprcsctlts  a

7r/2 instcacl  of 27r phase shift as itl tllc intcrferograms  in the oihcr  figures. As a result, the

~)hasc  IIoisc is more pronoul)ccd.

l’)igurc  6. Gray scale rcprcsclltatioll  of the topography. The range of topographic variations

is less tlLall  1501n.

Figure 7. Comparison of illulnillatcd  topography with AWIILR  ilnagc  of the same area, (a)

IIlulilinatcd  topographic map derived from diffcrc]ltial  intcrferometry.  (b)  AVIIIUt itnagc of

19



tllc sanlc area.

l’igurc  8. Map of surface slopes. (a.) l)crivcxl  fro])] A~j3. (a) l)crivccl  from A~~~4,

Figure 9. Rc]nova] of topographic phase from A413. (a) Aq43, Inixcd motion/topography

illtcrfcrogram.  (b) A@13 - A~~3, motion only illtcrfcrograln.

20

l“igure  10. l’;ffect of surface relief on obscrvccl  lilLc of sight,  velocity,
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